Abstract: Water pollution by toxic organic compounds is a problem and demand for efficient adsorbents for the removal of toxic compounds is increasing. In the present work, we studied the functionalization of SBA-15 materials via the co-condensation between an alkoxysilane and an organoalkoxysilane in the presence of P123 as structuring agent. Several types of ligands were used: 3-mercaptopropylmethyldimethoxysilane, N-[3-(trimethoxysilyl) propyl] aniline; aminopropyltrimethoxysilane; [aminoethylamino]-propyltrimethoxysilanes and [(2-aminoethylamino) ethylamino] propyltrimethoxysilanes. These materials exhibit BET surface area of 275-776 m 2 /g and total pore volume of 0.29-1 cm 3 /g, depending on the ligand types and contents. Elementary analysis results confirm the incorporation of both thiol and amine group in the materials. Batch adsorption studies shows that the adsorption capacity of phenol drifts on the amine and thiol functionalized SBA-15 is greater than that on pure SBA-15. A linear relationship was observed between the adsorption capacity and N/SiO 2 ratio. It was shown that the presence of amine promotes interactions with water molecules, on the other hand, these results can also be explained by the basic behavior of N-functionalized materials.
Introduction
Because of their extensive use in pharmaceutical, petrochemical, and other chemical manufacturing processes, phenolic derivatives including phenol, salicylic acid (SA) and para-chlorophenol (PCP) have been commonly con-sidered as environmental pollutants [1, 2] and raise considerable concerns.
Indeed, the removal of phenolic compounds from industrial wastewater is an important problem to be solved. Several methods such as adsorption [3, 4] chemical oxidation [5] , coagulation flocculation [6] , etc. have been already used to remove phenol containing derivatives from wastewater.
The process that is the most widely used for wastewater treatment relates to adsorption methods. In fact, during the last few years, a great variety of materials such as activated carbons [7] [8] [9] [10] , silica [11, 12] , polymeric resins [13, 14] , fly ash [15] , clays including kaolinite [16] , and zeolites [17] [18] [19] [20] [21] has been explored in detail for the removal of phenolic pollutants from wastewater.
Among these materials, zeolites adsorbents have been regarded as an alternative to activated carbon due to their adsorption-regeneration properties. Although they attracted special attention in sorption processes, their use in this field is limited by their pore size diameter with regards to the size of the organic pollutants. As such the use of mesoporous materials seems to be promising because of their larger pore volume and diameter, their high surface area, and their regular channel type structures [22, 23] . The interest in the potential utilization of mesoporous materials as sorbents is increasing due to the need for economical and efficient adsorbents to remove organic contaminants from wastewater.
According to the literature, the chemical modification of the mesoporous adsorbent by introducing functional group into the matrix enhances their adsorption capacity for phenol containing materials [24] . For example, organically functionalized mesoporous silica materials such as MCM41, SBA-15 have already been reported by Brunel et al, Stein et al [25, 26] . However, information on mesoporous materials interacting with toxic phenolic compounds is still limited.
Mangrulkar et al [27] have used MCM41 to remove phenol from an aqueous solution, and observed that removal of phenol from water are strongly dependent on the type of species (dissociated or molecular), dissociated species are more polar than molecular compounds and interact preferentially with water rather than with MCM-41.
The most important features involved during the investigation of adsorption phenomenon are (i) interface characteristics, (ii) the adsorbate-adsorbent interactions and (iii) adsorption isotherm.
The physicochemical mechanisms in these materials are not very well described; no simple theory of adsorption could adequately describe experimental results. The adsorption phenomenon depends on interactions between the surface of the adsorbent and the adsorbed species. These interactions may be due to: (1) Chemical bonding, (2) Hydrogen bonding, (3) Hydrophobic bonding, (4) Van der Waals force. It was observed that the adsorption of substituted benzene depends on the electronic effect of the substituent. However, during the adsorption of dioxane on non-porous, mesoporous and microporous silica, it was observed that the adsorption on microporous silica is governed by pore volume and dimension. Bonding interactions between surface silanols and dioxane molecule are due to hydrogen bonding [28] . The equilibrium adsorption isotherm is of importance in the design of adsorption systems. Several isotherm equations are available and one isotherm is selected in this study: the Langmuir model [29] . The present work reports the preparation of SBA-15 materials functionalized with amine and thiol functional groups by a co-condensation method and investigates the influence of ligands properties such as: basicity, nitrogen:silicon (N:Si) ratio, and the presence of various types of aliphatic and aromatic amines in their structure and the sorption capacity of these materials for phenolic derivatives (phenol, salicylic acid and para-chlorophenol).
Experimental

Chemicals
The silica source was tetraethoxysilane (TEOS) from Sigma-Aldrich.
The surfactant used was Pluronic P123, an amphiphilic triblock copolymer poly(ethylene oxide)-poly(propylene oxide)-poly(ethylene oxide), (PEO 20 PPO 70 PEO 20 ) from BASF. The organoalkoxysilanes selected for the functionalization process were all purchased from Aldrich and used without further purification. Table 1 reports the chemical formula of the organoalkoxysilanes used in this study. The organic pollutants used for sorption tests are phenol (purchased from Aldrich), para-chlorophenol (purchased from Fluka) and salicylic acid (purchased from Prolabo). Table 2 represents the different characteristics of the used pollutant.
Syntheses procedures
Pure silica SBA-15 was synthesized by a sol-gel method by using Pluronic 123 triblock-copolymer according to Hartmann et al [30] . 4 g of Pluronic 123 were added to 30 g of H 2 O, 120 g of HCl 2M and 9.5 g of TEOS at 40
• C. The solution was stirred for 45 min before adding the corresponding organosilane precursor. In general for each organosilane precursor 3 molar ratios were used in order to obtain a TEOS/organosilane molar ratio of 20, 25 and 30 in the synthesis medium. After the addition of the organosilane precursor to this solution the synthesis was carried out by stirring at 40
• C for 30 min. The resulting gel was aged at 40
• C for 24 h and finally heated at 100
• C for 24 h. Solid product was recovered by filtration, the template was extracted with ethanol (140 mL per gram of solid) under reflux for 24 h and solid was filtered and dried at 40
• C overnight.
Analysis
The X-ray powder diffraction patterns were recorded on a Bruker D5005 AXS diffractometer using Cu Kα radiation. Typically, the diffractograms were collected at angles 2θ = 1 -10 • . N 2 adsorption-desorption isotherms were measured using a Tristar 3000 V6.04A apparatus from Micromeritics. Extracted samples were dried at 90
• C before analysis and then kept for 12 h at 250
• C under vacum. The surface area was calculated using the BET method. The pore volume was determined from the amount of N 2 adsorbed at P/P0 = 0.98. Calculation of the pore size was performed using the adsorption branch by means of the B.J.H. model with cylindrical geometry of the pores. BIOWAVE II spectrophotometer, Pulsed xenon lamp, was used for absorbance measurement. Adsorption isotherms on SBA-15 adsorbents have been described by the Langmuir model described by Faust citeref31. Chemical analysis of carbon, hydrogen, nitrogen and sulfur content was achieved at LACCO, Poitiers, France.
Adsorption
Batch adsorption tests were carried out using the bottle pointed method as follows: 0.2 g of each adsorbent was first added to a 20 mL flask containing 10 mL of aqueous phenol solution of known concentration. The flask was then stirred at ambient temperature (25± 2
• C) for 24 h to ensure adsorption equilibrium. The phenol solutions were prepared in the concentration range of 0.234 -2 g·L
in distilled water. The concentrations of phenol drifts at equilibrium C e(mg·L −1 ) were investigated using UV/VIS spectrophotometry at different wavelengths λ, depending on the phenol drift ( Table 2 ). The amount of adsorbed compounds Qe (mg·g −1 ) was calculated by conducting a mass balance on phenols drifts using the following equation:
Where V is the volume of solution and m is the mass of adsorbent.
Adsorption model
Adsorption isotherms of phenol on SBA-15 adsorbents, at 25
• C have been successfully described by the Langmuir model.
Where Q is the amount adsorbed at equilibrium (mg·g −1 ), C the equilibrium concentration in bulk fluid phase (mg·L −1 ), Q the maximum adsorption capacity (mg·g −1 ), namely complete coverage of available adsorption sites, K L the affinity constant. Figure 1 (a) . The XRD patterns of those samples showed only the first peak. This could suggest that the decrease in the ratio TEOS/organosilane could affect and decrease the structural order. Such a result might be explained by the large amount of ligands blocking the pores and channels of the materials. The XRD patterns of samples -1N-R20 and -1N-R25 displayed less intense and resolved XRD peaks, which means that the structural integrity in SBA-15 is not conserved. It is important to note that the structure in samples -2N-R20 and -3N-R20 is also collapsed. Nevertheless, the existence of characteristic diffraction peaks of -ØN-R20 sample indicated the long-range order of mesoporous hexagonal channels still retained after ligation with N-[3-(trimethoxysilyl)propyl]aniline. The peak reflection (100) shift to higher angles may be due to load with functional groups and by the formation of a monolayer.
Results and discussion
Adsorbents characterization
The samples were also characterized by nitrogen adsorption. All the synthesized materials exhibited a type IV isotherm with an apparent hysteresis loop, indicative of the existence of defined mesopores in the frameworks [32] (Figures 2 and 3) .
Porosity characteristics are shown in Table 3 . The poresize distribution for the pure SBA-15 (Figure 2 (a) ) determined by using a BJH analysis is 64 Å (from the adsorption branch). The BET surface area and pore volume were measured to be 678 m 2 .g −1 and 0.94 cm 3 .g −1 , respectively. The wall thickness calculated by subtracting the pore diameter from the d spacing was 45.27 Å.
In addition, samples prepared by co-condensation in presence of thiol groups show type IV isotherm with an H1-type hysteresis loop at a relative pressure of 0.4-0.8 (Figure 2 (b) ), which is characteristic of the mesoporous materials in a hexagonal arrangement. This hysteresis loop is characteristic of a very regular arrangement of channels with very homogeneous openings [33] . It should be noted that the decrease in the ratio TEOS / organosilane in the mixture (samples -S-R30, -S-R25 and -S-R20) led to a decrease in the textural characteristic of these samples ( The increase in the amount of organosilane in the mixture producd a decrease in the pore diameter as well as the pore volume. As for the wall thickness, it increased from 63 to 70 with the decrease in the ratio TEOS / organosilane. This small reduction of the pore diameter might indicate that the solid walls weakly interact with micelles, thus leading to an increase in their thickness. Figure 3 illustrates the N 2 adsorption-desorption isotherms of samples prepared by co-condensation in the presence of amine groups. Values of surface area and pore volume (Table 3) were in general lower than the values of those of pure silica; this behavior indicates that the structural properties of the resulting amine mesoporous materials are rather dependent of the specific amino organosilane group incorporated to the silica material. The pore volumes and the pore diameters are in good agreement with the results reported in the literature [24] . Nitrogen measurements of the functionalized samples are shown in Table 3 . As can be seen, the amount of ligand incorporated within the materials is very similar. Sulfur content was measured for one sample. This measurement showed the incorporation of 3-mercaptopropylmethyldimethoxysilane into the material. functionalized SBA-15 adsorbents (-ØN-R20, -3N-R20, -1N-R20 and S-R20) In order to study the influence of the ligand nature on the adsorption capacity of phenol drifts, various experiments were carried out using SBA-15 as an adsorbent with different ligands. The characteristic properties of these adsorbents are summarized in the Table 3 . The study of phenol adsorption over different solids shows that the adsorption capacities are very low (around 5 mg·g −1 for Ce = 1500 mg·L −1 ), and a conclusion cannot be deduced. The same studies were performed with salicylic acid and para-chlorophenol for concentrations close to those made during the adsorption of phenol. The results obtained are presented in Figures 4 and 5 . A large difference in adsorption capacities over these different materials was observed. On the one hand, the lowest adsorption capacities were obtained over unmodified SBA 15 where the adsorption capacities were lower than 0.5 mg/g. On the other hand, the adsorption capacity showed lower efficiency over the solid S-R20. This is due to a lower electronegativity of sulphur as compared to nitrogen. The order of adsorption capacities over the three aminefunctionalized materials was as follows: -1N-R20 > -3N-R20 > -ØN-R20. This results correlates with the weight ratio of N/SiO 2 ( Table 4) . In order to better investigate and discuss the influence of the N/SiO 2 ratio, the adsorption capacities of parachlorophenol vs the N/SiO 2 ratio of the adsorbent is reported at Figure 6 . As shown in the figure, there is a good correlation between the amount of phenol adsorbed and the N/SiO 2 ratio of the ligand. An increase in parachlorophenol adsorption capacity was observed for the solid with low ratio N/SiO 2 ( Table 4 ). This could be explained by the presence of amine functions which promotes interactions with water molecules via hydrogen bonding. Koubaissy et al [19, 20] demonstrated that the relative affinity of the phenolic compounds toward the surface of the dealuminated zeolite was related to the electron donor-acceptor complex formed between the basic sites on the zeolite (oxygen) and the hydrogens (acidic site) of the aromatic ring and of the phenols function. So these results might also be explained by the higher alkaline properties of the materials -1N-R20, compared to -3N-R20 and -ØN-R20. These results are consistent with those obtained by Khalid et al. [18] , where it was indeed shown that phenolic compounds were particularly better adsorbed over most basic materials, noting that no correlation between adsorption capacities and the BET surface or the pore volume was observed. After studying the adsorption of various phenol drifts separately, we were interested in comparing the influence of the group substituent on the evolution of the adsorption capacity of materials. Figure 6 represents the maximum adsorption capacities for different compounds, expressed in (mg·g −1 ) for the different solids. The results showed a difference in adsorption between the different drifts studied where the lowest adsorption capacity was obtained for the more soluble compounds, and the order of adsorption obtained was as follows: salicylic acid ≈ para-chlorophenol > phenol.
Adsorption of phenol drifts over amine-
Similar results were obtained by Koubaissy et al. [19] during the study of phenol drifts adsorption over a faujasite zeolite where the authors showed that the solubility was a main factor in adsorption for compounds presented at neutral form in aqueous solution.
In addition, similar results were obtained over the adsorbent -3N-R20 and -ØN-R20, and it was noted that the adsorption capacities are very similar between salicylic acid and para-chlorophenol, at high concentrations; these results can be explained by the lower salicylic acid pKa equal to 2.97 compared with para-chlorophenol pKa equal 9.18. This means that the proportion of ionized salicylic acid is more important than that of ionized parachlorophenol, and it is known that ionized forms are more difficult to be adsorbed than neutral forms on silica adsorbent [12, 34] . Anbia et al [34] demonstrated that the best adsorption capacity of para-chlorophenol over functionalized SBA-15 is obtained at pH =7. This is due to the interaction of protons with NH 2 -SBA-15; the difference on adsorption capacities in comparison with the results obtained in our study is caused by the difference of solution pH. In fact the para-chlorophenol solution prepared in our study had an acidic pH which was obtained without any additional acid, and the lower adsorption capacity of para-chlorophenol at lower pH values in Anbia et al study agreed with this conclusion.
Based on previous results we propose a mechanism for the adsorption of these drifts over SBA-15 materials after extraction where the interaction is due to the hydrogen bonding between the oxygen of the SBA-15 materials and the acidic hydrogen of the phenolic compounds and therefore more the ligand is basic, the oxygen atoms became more basic and the interaction is favorable.
Adsorption isotherms model
The equilibrium adsorption isotherm is fundamentally very crucial in design of adsorption systems. The distribution of solute between the liquid phase and the solid phase is a measure of the distribution coefficient in the adsorption process. The adsorption isotherms obtained are concave upward showing an affinity for adsorption. This affinity decreases as the equilibrium concentrations increase. This is likely due to the reduction in the adsorption sites and the increase of the electrostatic repulsion caused by the increase in the positive charge of the loaded adsorbates. Lastly, all isotherms can be expressed by Langmuir equation (equation 2). The Langmuir equation can be linearized and constants can be determined. The above equation can be linearized as follows:
The Langmuir model can fit the experimental data well, especially for high concentration ranges. This conclusion was withdrawn as a result of the higher values of the regression coefficients (R 2 ) equal to 0.98, this suggest that mono-layer adsorption may occur on SBA-15. The Freundlich model was also used to fit the isotherms. The parameters obtained from this isotherm are given in Table 5 . As seen from the table, although correlation coefficients (> 0.91) of both equations, the Langmuir model exhibited better fit to the adsorption data than the Freundlich model. The value of K L , K F and Q for salicylic acid and parachlorpphenl were shown in Table 5 . The values of constants (K L ) for PCP is similar as compared to SA, which indicates similar adsorption capacity for PCP and SA.
Conclusion
Adsorption of phenols drifts from water was enhanced after functionalization of SBA-15 with amine groups. A linear relationship was observed between the adsorption capacity and N/SiO 2 ratio. Their order of sorption capacity was: -ØN-R20 < -3N-R20 < -1N-R20. This order was in good agreement with the order of basicity. The adsorption performance was strongly affected by the nature of functional group of phenol drifts. The uptake capacity of phenols tended to increase with decreasing of their solubilities in water. The adsorption isotherms can be well fitted with the Langmuir model. These results show that the adsorption occurs, via the formation of a donor-acceptor complex between the electrons of the phenol drifts and the oxygen electrons of the silanol groups.
